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tlYO RESISTANCE hEAR THE OKOlhvlD.* 
By C. Wienelsbergcr. 

' Change & in wing resistance near the ground are j.n.port,.r.t fcv 
the more accurate determination of the conditions in the taking 
off and landing of an airplane. ' It has been found** that, the -. P.. 
resistance diminishes on approaching the ground, while the lift 
increases come what, thereby making the lift-drag ratio -ao:;o fav- 
orable. In the present treatise", a convenient method will be in- 
dicated, which makes ..it possible to determine the polar ou:.vo of 
an airplane at short distance a from the ground by -a simple short 
calculation, when the polar curve is known for flight in unlim- 
ited space. The satisfactory agreement but ween cioeriment and 
calculation is demonstrated by the .results of tvo experiments 
with models. 

The polar curve for unlimited space is converted in the y res- 
ent case, with the aid of L. Prandtl' e wing theory and the u:ul J i- 
. plane theory.'"*- According to this, theory, the air flow about the 

• * From "Zcitsohrift fur Flugtechnik and Potorlvft sckif fahrt . r 
1931, No. 10. 

** Compare A. Betz, "Lift and Drag of a hing near a Horir.-.ontal^ 
Surface," (the ground) "Zeitschrift fur Flugtechnik und ho .or.a.a - 
schif fahrt," 1913, p. 217. 

*** L. Frandtl, "Ping Theory," 1st and 2nd papers, Bulletin of i-e 
Gtittingen Scientific Society, 1919. K&tWuu&U cs-phy «ios cla ?s , 
further, L. Frandtl, "The Induced Dragm? Multiplanes ; pcnaasa.u 
B^richie, Vol. Ill, No, 7. Figs. 1 and 3 are taken ,?c-n :.re 



v;i;ir oa:i be calculated on tlie assumption that the lift is dis- 
tributed over the Ting span in the form cf half an ellipse, Trhieb 
ia accurate enough for most practical cases. In this connection, 
we will utilize the theoretical consideration that- a vortex band 
goes out from the trailing edge of each ring. The axes of the 
elementary vortices of thia band are nearly parallel to tho direc- 
tion of flight and the nidth of the band is equal to the Tring 
span. The added disturbing velocity resulting froir thic vortex 
band at any point is the integral of the disturbing velocities 
produced by the individual elementary vortices, whereby the for- 
mer are calculated according to the Biot-Savart lav?. If a ~3ng 
ia in an. air flo*.7 r;hich is disturbed by a second rring, only the 
vertical component of the disturbing velocity comeo into consid- 
eration for the induced drag of the first wing, since the inf lev; . 
direction and therev/ith the induced drag are changed by the ver ■ 
tical component 3 of the disturbing velocity at the place of the 
aupporting line.. The vertical velocities, in the vertical plane 
passing through the middle of the chord, "jere oalculated and graph 
ioally represented in Fig, 1, for a aeries of distances from the 
supporting lino, by X. Pohlhausen, at the suggestion of L, Prandtl.. 
on the aoouriiption that tho lift ie distributed in half an ellipse 
over the ^ing span. The ratio of the distance of the point con- 
sidered to xhe ^ing span is represented by h/b> Tho vertical 
velocity of tho vring iteelf (h/b - 0), nhich ia constant in the 
elliptical distribution of the lift over the entire "Idth of ihe 
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, ia here rr.ada i, and tho epan 2. The actual vertical vqIco- 



ln which A is the lift of wing 1» , v the flight velocity and 
o the density of the air. z can be obtained from Fig. 1 fcr 
the corresponding h/b. 

In order to investigate the' change in the resistance near 
the ground, wo utilize the principle of reflection, T7e replace 
the surface of the ground by wing 1' reflected by -the ground 
(Fig. 3) and calculate (by a method analogous to that for calcu- 
lating the 'drag of a multiplane from the drag of a monoplane) in 
what manner the air flow about wing 1 will be affected by its 
imago. 173 denote its distance from the ground by h/3. •dng 1 
now on the pressure side of wing 1', We already recognise quali- 
tatively that the disturbing velocity due to 1* on the place of 
wing 1 is directed upward. The resulting direction of flow on 
wing 1, which is found by the geometric addition of the original 
direction of the velocity v and the vertical velocity w t ^ due 
to wing 1' , and whose direction is indicated by v' , is therefore 
as we see, deflected downward somewhat less than in the undisturb- 
ed condition. The induced drag near the ground must therefore be 
smaller, than at a higher altitude, since with decreasing distance 
between wing 1 and its image V , the disturbing velocity increase 
f:ron 0 to a maximum, as shown in Fig. 1. 



ity 



Wjj* on the place of wing 1, due to wing 



1' , is therefore 




(1) 



For the quantitative relations, it In to be noted that th- 
vertical dinturbing velocity, ae eho-m by Jig. i, varies alao 
along the span of T7ing 1. We obtain the .change in the induced 
drag by multiplying the lift component of each xdnz element by 
the sine ox the angle of attack of the air otrearc at the giver 
point and integrating over the vrhole Gpan. The small angle o_; 
attack has the value and consequently the change ir. drag 

is ^ r + h/ » 

- - J d a (a) 

- -b/a 

in v/hich the minuc sign, in accordance with the above considera- 
tion, indicates that the tiring resistance in diminished. The val 
of the integral vras determined plani^etrically for different 
valuea of h/b and the result expressed by the influence coeffi 
cient o, v;hich is defined by the equation 

„, . . 0 (3) 

in '.Thich a = dynamic pressure. In Fig. Z, the" values of o are 

b ~f~b 

plotted against the ratio h : ~ L §-— . This method vras ohese:: wi 
reference to the ratios yet to be considered, v:hioh arise in "ri- 
planos with unequal wing npana (b, and b 8 ). In the cane no*r v.n 
dor consideration, in which the span of the real wing is like th 
of .the reflected one, the ratio h : i e idsntical with 

h/b and the corresponding values of. o are given by too cv.rvs 
^ " 1 *. If V7e desire a ;;:ore accurate value than the graphic dia- 
gram g Ives, we r-ay ercploy the following: approximation fr.rmulc, c 
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PrWtl, '"hi oh holds good frcto h/b * i/15 to h/b - l/2 



a "„ _JLt^j3§J*/X (1) 



1. 05 +3.7 h/b' 

The change in dra£ may therefore be calculated according to equa- 
tion (o) i:i a very simple manner. Wa only have to determine the 
influence coefficient o for the value h/b from Fig. 3, or w? th 
the aid of equation U). The other quantities in equation. (3) 
are to be considered as given. We hereby assume that the lift 
near the ground is the same as higher up. With the introduction 
of the dimer.gi onles3 coefficients, equation (3) may also be writ- 
ten in the form 

c. 7 ' = - o -a- x. ~ ........... 

in which o w « represent 3 the change in the drag and F the cur- 
face area of the wing. 

The present calculations have to do with a monoplane near the 
' ground. ■ If it is dei|sred to investigate the relations for a bi- 
plane, .it is necessary to know the lift components of both wings. 
This is generally hnewn for a finished biplane. Otherwise, the 
lift components may be subsequently determined from the quanti- 
ties upon which they depend, especially from the surface area of 
the wings and the angle, of attack. Here it is well to remember 
that (according to the results of the first approximation of the 
•"iltiplane theory with a given total lift, span and vertical dis- 
tance between the. two wings) the induced drag acquires a minimum 
vilue with ?, definite distribution of the total lift over both 
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wings? cf the biplane. In practice, vo muot always endeavor to 
rroducc this ogndition. 

The vertical disturbing velocities resulting from the reflec 
e d wingg I 1 and 3 f , are represented diapramiflatically in Fig. 4. 
The total amount, about vrhich the drag dirf.in^shes near the ground 
and which is gi-en by equation (3) for the -.norxplane- is ir.ade up 
of four members in the caee of the biplane. If w^, ' designates 
the drag decrease of ring 1 through the influence of "ring l 1 , and 
if the other components of the drag variations are designated in 
a similar manner, the total drag decrease is 

■ - W - V,' 13 ' ■ + W n f + + Wgi 1 (6) 

According to the multiplane theory, however, V/ 12 > « and the 

latter, on account of the r.irror symmetry - W cl ! , so that, the 
resulting expression for the drag decrease is 

v: 1 - 3 yj 1c - + w a j + (7) 

The influence coefficient o, which is necessary for calculating 
-the above aunurianda, ie, in the case of a biplane with unequal ri \ 
bp ana, a function of both wing spans, b, and b- . If we de si gnat 
the ratio b 2 : b a by (J, the value of a, for the value of n 

in question, can be obtained from Fig. 5, in which the valuer, of 

b ^ 

a, for p - 0,8 and 0.6, are plotted against the ratio h : — ^ 
For other values of a can be interpolated -vith rafficient ac 

curacy, (i ~ 1 cor.es into consideration for eqx^al s-ano cf the 
upper ^nd lower rings. For u = b P /b 3 >i, thn sn^e v-iluea ar<-; 



to be takon as for bj /b 3 . h alwaye denote 3 oho distance of the 
ving under consideration from the wing, causing "he disturbance. 

Some time ago two experiment 3 were carried cut in the Gptt?r.~ 
gen laboratory on a monoplane model, of 134 cm span, with fuselage 
c.nd elevator, whereby the air forces were measured once ir. unlim- 
ited bpace and once near the ground. The surface of the wing, to 
whioh the coefficients were applied, was 1675 cm*. Consequently,, 
F/b 3 had the value 0.11. The distance of the vring from the 
- ground varied a little for the individual angles of attack. The 
mean value of h/3 was 15 cm. The polar curves., determined ex- 
perimentally for both these caseo, are given in Fig. 5. The 
change o, 7 ' of the drag coefficient was. now determined in accord- 
ance with the above instructions. . For the influence coefficient, 
we have 0= 0.432, since h/b = 0.243,- If we substitute this 
value' and the value of F/b 3 in'eqtiation (5) , vre obtain 

- . o w ' • - 0.C15 c a a . 

If we carry the values of c w ' ; calculated for different lift 
coefficients toward the left, from the polar curves, measured in 
the free air flow, we" obtain the curve indicated by dashes. It 
is evident that this curve fully agrees with the measured values 
of the lift coefficients up to about o a - 1. For very large lift 
values, rre obtain deviations for which no satisfactory explanation 
can yet be given, * 

Translated by the National Advisory Committee for Aeronautics, 
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Fig, 1 - Vertical component of the disturbing . 

velocity plotted against the longitudi- 
nal and vertical distance froin the ^ing. 




Fig, 3 - Tnterf croncc coefficient o plotted ajainnt 




Fig. 4. 
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